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In January 2003, the 10MW High-temperature Gas-cooled Reactor (HTR-10) reached its full power for continuous
operation of seventy-two hours in the Institute of Nuclear Energy Technology, Tsinghua University. The reactor was
operated smoothly at the designated parameters. The once-through steam generator (SG) is one of key equipments of
the HTR-10 reactor. The SG includes 30 modular heating helical tube assemblies. Design of the SG includes hydraul-
ics, heat transfer and stability designs. Based on the design requirement, it is necessary to ensure sufficient heat re-
moval from the reactor in order to maintain stable operation. In order to confirm the thermal hydraulic reliability
of the SG, a series of experiments had been carried out. The purpose of this paper is to introduce the design features
and experimental verification of HTR-10 SG, and the research results of small bending radius helical coil-pipe used in
HTR-10, for example, the heat transfer coefficient of water, superheat steam and the two phase flow in the helical tube,
the heat transfer coefficient of the He flow across the helical tube, and the centrifugal force effect on the heat transfer
for the helical tube. In the paper, some operational experimental data of the HTR-10 SG have been presented.
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I. Introduction

In January 2003, the 10MW High Temperature Gas-
cooled Reactor (HTR-10) reached its full power for contin-
uous operation of seventy-two hours in the Institute of Nu-
clear Energy Technology, Tsinghua University. The reactor
was operated stably and the operational performance was
satisfactory.

Once through steam generator (SG) is one of key equip-
ments of the HTR-10. The modular helical tube assemblies
is used in the HTR-10 SG. The SG consists of 30 mono-spi-
ral helical tubes.1) Every helical tube is a modular and its
structure parameters were presented in Table 1.

Under effects of the gravitational force, centrifugal force
and secondary flow there are some differences between the
straight and the helical tubes. Flow in a helical tube has ob-
vious asymmetry about the flow axis. These effects are de-
pendent on the curvature of the helical tube and the velocity
of the coolant and quality.

So far some experimental study on the heat transfer of the
helical tube has been performed by different authors.1,2) The
range of the diameter ratio between the curvature diameter
of the helical tube and the diameter of the tube (D=d) in
these experiments is about 11 to 65. Experimental results
showed that in the helical tube the distribution of wall tem-
perature and heat transfer coefficient are asymmetrical about
the flow axis. The smaller the diameter ratio is, the stronger
the effect of the centrifugal force becomes and more asym-
metrical the flow becomes. Though some calculation formu-
las of the heat transfer coefficient have been given, these for-

mulas are applicable only within a limited range of the diam-
eter ratio.

Diameter ratio of the helical tube for the HTR-10 SG is
small. (D=d¼�9). The empirical formulas in publications
can be used for reference are very limited, so special exper-
imental study is required.

II. Design Features of the HTR-10 SG

The small helical tube assemblies is used in the HTR-10
SG. Assembly is shown in Fig. 1. Helium flows in an annu-
lar cavity between the central tube and the casing tube. High
temperature helium enters from the top of SG, across the hel-
ical tube and flows downward. Sub-cooled water enters from
the bottom of helical tubes, and then flows upward in the hel-
ical tubes. After heat exchange between two mediums, high
temperature helium is cooled and then leaves the helical

Table 1 Structure parameters of the HTR-10 SG

Diameter of the heat transfer tube 18mm
Curvature diameter of the helical tube 112mm
Vertical pitch of the helical tube 22.5mm
Diameter of the center tube 84mm
Inner diameter of the casing tube 140mm
Length of the heat transfer tube in
every ring

0.3526m

The climb angle of the helical tube 3.66�

Number of the heat transfer tube 30
Diameter of the heat transfer tube
(water section , nuclear boiling)

�18�3mm

Diameter of the heat transfer tube
(superheating steam section)

�18�2mm
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tubes, while sub-cooled water turns into superheated steam
and also returns to the bottom of test assembly through the
down-comer within the central tube. The SG consists of 30
modular assemblies. The assemblies are arranged in a pres-
sure vessel.

The main advantages of the assembly structure are: sim-
plicity in the manufacture, convenience for the service and
repair, and compact structure. The structure parameters of
the HTR-10 SG are shown in Table 1.

From Table 1 can be seen that the diameter ratio of the
heat transfer helical tube is small (only 9.3 and 8). In the heat
transfer design, the heat transfer tube is divided into single-
phase water preheating section, nucleate boiling section, film
boiling section and superheated steam section. The heat
transfer calculation was performed on the base of straight
tube heat transfer calculation with an additional correction
of the helical tube. The correctional coefficients was deter-
mined by experiments. The flow are divided into Laminar
flow regime, laminar flow with eddy regime, turbulent flow
regime and auto-modeling regime. In judging the flow pat-
terns the effect of the helical curvature was considered.
The De number was introduced in the calculation,

De ¼ Re
ffiffiffiffiffiffiffiffiffi
d=D

p
;

where De is the Dean number, Re is the Reynolds number, d
is the diameter of the heat transfer tube and D is the curva-
ture diameter of the helical tube.

In the primary design, the following formulas1) were used:

Recr ¼ 2; 100 1þ 12
din

D

� �0:5
" #

; ð1Þ

where Recr is the transition critical Re from laminar to turbu-
lent flow.

In the primary design, correction coefficients of the helical
tube are as follows:3)

In the laminar regime;
Nu

Nust
¼ 1 ð2Þ

In the turbulent regime;

Nu

Nust
¼ 1þ 6:3 1�

din

D

� �
din

D

� �1:15

; ð3Þ

where Nust is the Nusselt number for straight tube, Nu is the
Nusselt number for helical tube.

The heat transfer coefficient is a function of the Re, and
vertical pitch of the helical tube S.

After a long period of operation, some corrosion products
may deposit on the heat transfer surface. It causes an in-

crease of the heat resistance. So in the heat transfer design
heat transfer surface must has a sufficient amount of the
design margin. A fouling factor must be considered.

III. Experimental Verification of the HTR-10 SG

In order to study and verify the thermal-hydraulic per-
formance of the SG, a full-scale HTR-10 Steam Generator
Two Tube Engineering Model Test Facility (STGM-10)
was installed. The system flow chart has been shown in
Fig. 2. The test assembly of the STGM-10 simulates practi-
cal thermal and structural parameters of the HTR-10. The
SGTM-10 consists of three separated loops: primary helium
loop, secondary water loop and third cooling water loop.
There are two parallel tubes arranged in the test assembly.
The coolant flow rate, pressure, pressure drop, temperatures
were measured according to the experimental requirements.
Besides the coolant temperature measurement, there are 28
groups of tube wall temperature measurement points. The ar-
rangement of measurement points in the across section of the
tube have been shown in Fig. 3.

The main error of measurement are as follows: the
temperature measurement error is 0.65 to 2.8�C (when
t>450�C); the flow rate measurement error is �1:1%; the
pressure drop and pressure measurement error is �0:15%;
the power measurement maximum error is �2%.

A series of experiments had been carried out on the test
loop STGM, such as studies of on two-phase flow stability,
hydraulic characteristics.4–6)

The heat transfer study for the small helical tubes is pre-
sented in the paper.

1. Verification of Heat Transfer Coefficient for Water
and Steam
In the SG model, the temperatures of He, tube wall tem-

perature, water and steam temperature, water and steam flow
rate, and pressure of water and steam were measured.
Among these parameters there are following relationships:

q1 ¼ �HeðtHe � twÞ ð4Þ
q1 ¼ KðtHe � tH2OÞ ð5Þ

K ¼
dout

din
�

1

�H2O

þ Rf þ Rw þ
1

�He

� ��1

; ð6Þ

where q1: Heat flux density (kW/m)
�He: Heat transfer coefficient from the He to the

wall (kJ/m��C)
�H2O: Heat transfer coefficient from the wall to the

water (kJ/m��C)

1: Casing tube, 2: Annular cavity, 3: Central tube, 4: Helical tube

Fig. 1 Structural scheme of SG modular assembly
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K: Total heat transfer coefficient (kJ/m��C)
tHe: Temperature of the He (�C)
din: Inner diameter of the heat transfer tube
dout: Outer diameter of the tube
tH2O: Temperature of the water or steam (�C)
tw: Outer tube wall temperature (�C)
Rw: Thermal resistance of the tube wall conductiv-

ity
Rf : Fouling thermal resistance.

From these relationships and measured experimental data,
the heat transfer coefficients of the sub-cooling water and the
superheated steam in the SG can be obtained. Experimental
results verified the calculation formulas used in the design. It
proved that the calculation formula (3) is coincident with ex-
perimental data. The variances are shown in Figs. 4 and 5. In
Figs. 4 and 5, the heat transfer coefficients are represented
by wall temperatures. Where tw;ex is the measured wall tem-
perature, tw;ca is the calculated wall temperature, �ex is the
measured heat transfer coefficient and �ca is the calculated
heat transfer coefficient. The variance is about �5%.

2. Heat Transfer of the Two-Phase Flow in the Helical
Tube
The thermal resistance in the once-through helical tube

SG is mainly caused by the He-gas heat transfer process.
In the verification of the two phase flow heat transfer coeffi-
cient in the helical tube, the combination method of the the-
oretical calculation with experiment is used. In the verifica-
tion, 28 groups of measured wall temperatures and a steady-
state analysis computer code were used.

The comparison between the experiment and analysis is
shown in Fig. 6.

From Fig. 6 can be seen that for different quality the
measured wall temperatures basically are agreeable to the
calculated wall temperatures.

The variance is basically no more than �5%.

3. Heat Transfer Coefficient of the He Flow Across the
Helical Tube
As mentioned above, coat tube type arrangement is used

in the assembly of the HTR-10 SG. The He in primary side
flows down between the outside casing tube and the center
tube across the helical tube assembly. Its heat transfer coef-
ficient depends on the ratio of the vertical pitch of the helical
tube to the tube diameter. In our case, the ratio of the vertical
pitch of the helical tube S to the diameter of the helical tube
d, �¼S=d¼1:2. From experimental data and Eqs. (4) through
(6), the following formula was obtained:

NuHe ¼ 1:15Re0:65Pr0:33: ð7Þ

This formula can be applied only for given � (�¼
S=dout¼1:2).

4. Verification in Operation
In January 2003, the HTR-10 was operated with full pow-

1. Helium circulator, 2. Filter, 3. Cooler, 4. Electric heater and steam generator, 5. Pre-heater,
  6. Canned pump, 7. Pressurizer, 8. Cooler, 9. Heat exchanger, 10. Water tank, 11. Plunger pump

Fig. 2 System flow chart

Fig. 3 Flow model in the section of a helical pipe
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er for 72 hours. Results of the operation and the comparison
of operation results and design parameters are shown in
Table 2.

It can be seen from Table 2, in case of that the practical

power increased about 2% and temperature head decreased
about 1%. That means the heat transfer surface still has a
certain abundance.
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Fig. 4 The tube wall temperature comparison of calculated and experimental data (sub-cooling water)
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Fig. 5 The tube wall temperature comparison of calculated and experimental data (super-heated steam)

Table 2 Comparison of operation results and design parameters

Design
parameter

Operational
measured

Power (MW) 10 10.2
Pressure in the primary side (MPa) 3.0 2.94
Temperatures in the primary side (�C) 250/700 236/699.2
Flow rate in the secondary side (kg/s) 3.49 3.56
Pressure at the outlet of the secondary side (MPa) 4.0 3.45
Inlet temperatures of the secondary side (�C) 104 99
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IV. Verification of the Centrifugal Force Effect on
the Heat Transfer For the Helical Tube

In the helical tube the flow is influenced by the gravita-
tional force, centrifugal force and secondary flow. Therefore
in the flow pattern and the distribution of the void fraction,
there are some differences between the straight and helical
tubes. Consequently, in the wall temperature distribution
and heat transfer, the helical tube has its inherent thermal-
hydraulic features.

In a helical tube, coolant flow is influenced by the
gravitation force. It causes the steam–water separation in
the vertical direction. When the velocity of the coolant flow
is relatively low, the steam phase is concentrated on the up-
per part of the tube. At the same time, the influence of the
centrifugal force causes the steam–water separation in the
horizontal direction. It drives the steam phase concentrate
on the inner part of the tube ring. Based on these factors,
the wall temperature shows its maximum value between

the top and the inner side of the tube ring.
In order to verify these effects, in the STGM-10 facility,

12 thermo-couples are arranged on the helical tube for 4 dif-
ferent sections. On every section there are 3 thermo-couples
with a interval of 120� (on the top, inner and outer, see
Fig. 3) to measure the tube wall temperature on the different
positions for getting the heat transfer coefficient at the differ-
ent position on the same tube section.

The experimental heat transfer coefficient for different
void fraction and different positions are given in Fig. 7.

Where �a is the heat transfer coefficient on the top, �b is
the inner position and �c is the outer position. From Fig. 7
can be seen, in the helical tube steam content distribution
is asymmetrical. Because of the higher void fraction and
lower water flow velocity on the measured sections, the
steam phase tends to the top and inner side of the tube ring.
The maximum wall temperature appears on the point be-
tween the top and the inner side, where the heat transfer co-
efficient is the minimum of the section.
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Fig. 6 The tube wall temperature comparison of calculated and experimental data (the two-phase flow)
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Fig. 7 The experimental heat transfer coefficient for different steam contents and different positions
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The asymmetric distribution of steam phase proved that in
the helical tube, the tendency of steam–water separation is
existed.

V. Conclusions

This paper describes the study results for the heat transfer
of the helical tube. From the study results following conclu-
sions can be made:

From experimental and operation results, the design of the
HTR-10 SG is successful. The operation parameters satisfied
the design requirements.
(1) In the design of the HTR-10 SG, the heat transfer calcu-

lation was performed on the base of straight tube heat
transfer calculation with an additional correction of
the helical tube. Experimental results show that this
method can be used for the HTR-10 SG design.

(2) Based on the test results, the experimental formulas of
heat transfer coefficient of the He flow across the
helical tube, and the heat transfer coefficient of water
and the two-phase flow are obtained and proved that
they can be used for HTR-10 SG design.

(3) Based on the test results, in the helical tube, the coolant
flow is influenced by the gravitation force and the
centrifugal force. The gravitational force causes the
steam–water separation in the vertical direction. The
centrifugal force causes the steam–water separation in

the horizontal direction. So the asymmetric distribution
of steam phase is existed in the helical tube. The
minimum heat transfer coefficient appears on the point
between the top and the inner side of the helical ring.

The successful operation of the HTR-10 SG presents some
useful experiences for the heat transfer study of the small
helical tube.

References

1) G. B. Watson Functional Performance of the Helical Coil
Steam Generator, Consolidated Nuclear Steam Generator
(CNSG) 4, System, PB-253 324, (Babcock and Wilcox Co.),
(1975).

2) V. G. Kubair, ‘‘Heat transfer to multiphase flow in coiled
pipes,’’ Proc. 8th Int. Heat Transfer Conf., New York,
NY (USA). Hemisphere Publ., p. 2355–2360 (1986).

3) D. Bing, ‘‘Instability Analysis of Two-Phase Flow in HTR-10
SG,’’ Degree Thesis of Tsinghua University (Beijing), (2000).

4) H. Ju, et al., ‘‘Research method and two-phase flow stability of
the steam generator of HTR-10,’’ J. Nucl. Sci. Technol., 38[9],
739–744 (2001).

5) H. Ju, et al., ‘‘Hydraulic performance of small bending radius
helical coil-pipe,’’ J. Nucl. Sci. Technol., 38[10], 826–831
(2001).

6) R. Li, H. Ju, ‘‘Structural design and two-phase flow stability test
for the steam generator,’’ Nucl. Eng. Des., 218, 179–187
(2002).

770 H. JU et al.

JOURNAL OF NUCLEAR SCIENCE AND TECHNOLOGY


